• The structure of the S. pombe LARP7 Pof8 C-terminal domain is an xRRM.
density for residues 376-378 and no density was observed for N-terminal residues 282-287 or 1 C-terminal residue 402 (Fig 2A) . The crystal structure of Pof8 C-terminal domain revealed an 2 atypical RRM with an overall b1-a1-b2-b3-a2-b4-a3 topology. A four-stranded antiparallel b-3 sheet consisting of b4 (aa 384-387), b1 (aa 294-298), b3 (aa 339-344) and b2 (aa 329-332) 4
forms the front face with helices a1 (aa 306-320) and a2 (aa 347-359) packed on the back of 5 the b-sheet to form the hydrophobic core and helix a3 (aa 391-401) on top of the b-sheet ( Fig  6   2B,C) . There are four loops: b1-a1 (aa 299-305), a1-b2 (aa 321-328), b2-b3 (aa 333-338), b3-7 a2 (aa 345-346), a2-b4 (aa 360-383), and b4-a3 (aa 388-390). Helix a3 (not present in 8 canonical RRMs) is positioned orthogonal to the long axis of the b-strands, and lies across 9
where the canonical RNP1 and RNP2 residues are normally found. Canonical RNP1 (K/R-G-10 F/Y-G/A-F/Y-I/L/V-X-F/Y) and RNP2 (I/L/V-F/Y-I/L/V-X/N/L) sequences on b3 and b1, 11 respectively, are absent and there is a Y330-I331-D332 sequence on b2 (RNP3) and R343 on 12 b3, consistent with an xRRM (Figs 1C, Fig 2D) (41) . 13 The Pof8 RRM2 helix a3 has three turns and is positioned through electrostatic and 14 hydrophobic interactions with the b-sheet and the N-terminal residues (aa 289-294) (Fig 2E,F) . 15 There is a salt bridge between R296 (b1) and E392 (a3) side-chains, a hydrogen bond between 16 the N292 backbone amide (N-tail) and the E393 side-chain (a3), and a hydrogen bond between 17 D332 (b2) and Y396 (a3) side-chains. Residues L294 (b1), I341 (b3), I388 (b4-a3 loop), and 18 Y396 (a3) form hydrophobic contacts at the b-sheet -helix a3 interface. The I341 (b3) side-19 chain stacks below the aromatic ring of Y396 (a3), and the W397 (a3) side-chain has p-p 20 stacking with Y396 (a3) and F289 (N-tail) side-chains (Fig 2E,F) . Overall, Pof8 RRM2 has all 21 of the characteristic features of an xRRM except for the absence of residues beyond helix a3 22 that could extend it upon RNA binding. 23
Conformational flexibility within the Pof8 RRM2 24
To investigate global and local dynamics of the Pof8 RRM2, the Pof8 construct used for 25 crystal studies (residues 282-402) was also used for solution NMR studies. A 2D 1 H- 15 N 26 Heteronuclear Single Quantum Coherence (HSQC) spectrum of the backbone amides shows a 27 well dispersed set of peaks indicative of a well-folded protein (Fig 3A) . Backbone resonance 1 assignments could be completed for the majority of the Pof8 RRM2, with the exception of a2-2 b4 loop residues Q350-L383 due to weak peak intensities caused by line broadening, indicative 3 of conformational exchange. Close inspection of the 2D HSQC spectrum of the backbone 4 amides revealed a set of uniformly low intensity additional peaks that appear to be due to peak 5 doubling, likely caused by a second, lowly populated species in slow exchange with a major 6 species (Fig 3A,B) . 3D resonance assignment confirmed the identities of about half of these 7 peaks. Peak doubling was only observed for the backbone amides. Nearly all of the doubled 8 peaks where the second weak peak could be assigned were from residues at the b-sheet -9 helix a3 interface (T290, N292, K298, E339, I341, E386, E393, W397, E386) or the helix a3 C-10 terminus (R398, M399, L400, K401) ( Fig 3C) . Other weak peaks whose identities could be 11 inferred from proximity to an assigned peak (e.g. L294, T295, R296) also correspond to residues 12 at the b-sheet -helix a3 -N-tail interfaces (Fig 3A,C) . 13 To determine the conformational flexibility in the major populated conformation of the 14 Pof8 RRM2, we measured 1 H-15 N heteronuclear nuclear Overhauser effects (NOEs) (Fig 3D) . 15 Significantly reduced values are observed for the backbone amides of N-terminal residues 16 E284-F289 and C-terminal residues 400-402, indicating that the N-and C-termini are highly 17 flexible relative to the globular RRM fold. This data is consistent with the X-ray crystal electron 18 density map that had missing density for N-terminal residues K282 to L287 and C-terminal 19 residue K402. Reduced 1 H-15 N heteronuclear NOE values are also observed for residues Q322-20 C326 in the a1-b2 loop and residues R334-A340 (b2-b3 loop). 1 
H-15 N heteronuclear NOE values 21
could not be measured for the a2-b4 loop due to lack of resonance assignments (Fig 3D,E) . 22 Consistent with NMR data, the crystallographic B-factors indicate that the hydrophobic core is 23 stable and that the N-terminus, a1-b2 loop, b2-b3 loop, a2-b4 loop, and helix a3 have higher 24 B-factors (Fig 3F) . In addition, although the a2-b4 loop has higher B-factors, there is clear albeit 25 weak electron density for it (Fig 2A) , while these residues could not be assigned due to 26 conformational exchange. We attribute these differences to crystal contacts between the a2-b4 27 loop and another molecule in the crystal lattice. Together, these data indicate that for the Pof8 1 RRM2, the a2-b4 loop is flexible in solution and helix a3 appears to exist in two conformations: 2 a major species where helix a3 is positioned on the b-sheet as in the crystal structure and a 3 second minor species. 4
Structural comparison of Pof8 with LARP7 and La protein RRM2s 5
The combination of helix a3, that lies across the b-sheet and over where the absent RNP2 6 and RNP1 would be, and conserved RNP3 sequence on the Pof8 RRM2 is unique to the xRRM 7 class of atypical RRMs, and led us to hypothesize that the Pof8 RRM2 is an xRRM. The human 8 genuine La protein also contains an atypical RRM2 that we previously predicted to be an xRRM 9 (49) . Below we compare the conserved structural and RNA recognition features for the existing 10 examples of defined xRRMs (p65 and hLarp7) and predicted xRRMs (Pof8 and hLa). 11
Pof8, p65, hLarp7, and hLa RRM2 vary in the lengths of the loops between b strands 12 and helices, presence or absence of a b4¢, length of helix a3, and number of residues following 13 a3 (Fig 4) . For all, the beginning of helix a3 is enriched in acidic residues that face the b-sheet 14 surface at b4 and b1, followed by aromatic and hydrophobic residues over b3 and b2, 15 respectively (Fig 1B, Fig 4) . Comparison of the three structures revealed several interactions 16 between the b-sheet and helix a3 that are common to the structures of the LARP7 proteins. 17
First, there is a salt bridge between a conserved (K/R) basic residue in the middle of b1 and an 18 acidic residue in the first turn of helix a3, which is conserved in Pof8 (Fig 4A,E) and p65 ( Fig  19   4B ,F) but not present in hLarp7 (Fig 4C,G) . Second, there is a hydrophobic patch between an 20 I/L residue in b1, an I/L residue in the b4-a3 loop, and conserved Y-W residues in the second 21 turn of helix a3 (Fig 4A-C,E,G) . These hydrophobic contacts may stabilize the b4-a3 loop and 22 help to orient helix a3 on the b-sheet. Third, there is a stacking interaction between a conserved 23 hydrophobic/aromatic residue in b3 with the conserved Y in helix a3 (Fig 2F and Fig 4A- C,E-24 G). The contacts from b1 and b3 with residues on the first two turns of helix a3 anchor it on the 25 b-sheet. Interestingly, the conserved residues in b1 and b3 that interact with helix a3 are located 26 in the positions of RNP2 and RNP1, respectively, in the canonical RRM ( Fig 1C) (50, 51) . It 27 appears that while the xRRM lacks RNP1 and RNP2 sequences that interact with RNA, these 1 sites on the b-sheet have adapted to interact with and stabilize helix a3 on the b-sheet surface. 2
RNA binding determinants of the xRRM 3
Based on the sequence and structural similarity of Pof8 to p65 and hLarp7 xRRMs (Fig  4   1B,C) , comparison to structures of xRRM-RNA complexes (31, 42) , and effects of Pof8 amino 5 acid substitutions and deletions on TER1 binding and abundance in vivo and telomere lengths 6 (15, 16) , we can identify its putative RNA binding interface. Residues involved in RNA binding 7 are shown as sticks on the ribbon model for p65 and hLarp7 (Fig 5A-C) (31, 42) . In structures 8 of p65 and hLarp7 xRRMs in complex with their target RNAs, there is a conserved binding 9 pocket for 2 or 3 nucleotides, respectively, including one Gua, that is formed by residues on the 10 third and fourth turn of helix a3 and the b3-b2 strands (Fig 5E-G) . The L on the third turn of 11 helix a3 lies above the Gua, forming the ceiling of the binding pocket (Fig 5G) . The RNP3 Y-X-12 D sequence on b2 and R on b3, previously identified as determinants of RNA binding (41) which would remove the hydrophobic contact between I341 (b3) and Y396 (a3), also resulted 20 in shortened telomeres, reduced TER1 levels, and reduced co-immunoprecipitation of Pof8 with 21 TER1 (15). These results indicate that helix a3 is essential for RNA binding and stability in vivo 22
and are consistent with a requirement for stable positioning of helix a3 to form the RNA binding 23 pocket. Single residue substitutions Y330A (RNP3) and R343A (b3) had similarly deleterious 24 effects in vivo compared to deletion of helix a3, deletion of the RRM, or full-length knock-down 25 (16) , consistent with their predicted importance for nucleotide recognition in the putative Pof8 26 RNA binding pocket (Fig 5D) . 27 In p65 and hLarp7, the binding pocket recognizes two or three nucleotides, respectively, 1 that insert into the binding pocket between helix a3 and b3-b2, one of which is a Gua (Fig 5G) . 2
The conserved R on b3 has two hydrogen bonds to the Hoogsteen edge of Gua while the 3 conserved D on RNP3 hydrogen bonds to the Watson-Crick face. The Gua is further stabilized 4 in the binding pocket by stacking interactions with helix a3 conserved I (I/L) above and 5 conserved RNP3 Y residue below. The b3 R also hydrogen bonds to AdeN7 (p65) or UraO4 6 (hLarp7) (Fig 5G) . In p65, the RNP3 Y undergoes a large change in position between the RNA-7 free and RNA-bound states (Fig 5H) , while in hLarp7 the position of RNP3 Y is already near to 8 the bound state position prior to RNA binding (Fig 5I) . For the RNA-free Pof8 structure reported 9
here, the position of RNP3 Y is close to that of free p65 (Fig 5H,I) . In p65 and hLarp7, the longer 10 helix a3 also binds to two or one base pairs, respectively. In the case of p65 the long helix 11 inserts between two stems on either side of the Gua-Ade bulge residues recognized in the 12 binding pocket described above, causing a large bend between helices, while for hLarp7 a base 13 pair at the top of the hairpin loop is recognized (Fig 5E,F) . We speculate that in Pof8, the two 14 conserved lysines at the end of helix a3 might hydrogen bond to a base pair. Based on the 15 above analysis, we conclude that Pof8 has a binding pocket for a Gua (or possibly a Ura) and 16 at least one other nucleotide analogous to that for hLarp7 and p65. 17
Finally, we note that in Pof8, p65, hLarp7, and hLa, helix a1 contains a conserved basic 18 (K/R) residue (Fig 1B) that in hLarp7 interacts with RNA ( Fig 5F) (42) . A similar interaction may 19 be present in the p65-RNA complex, but is not definitive since the sequence in this position in 20 the crystal structure is not native (31) . We propose that this interaction is common to the LARP7 21 proteins, and may provide further RNA binding affinity and/or specificity. Based on our analysis 22 of the structures, sequence, and mutagenesis data, we conclude that the Pof8 RRM2 is an 23 xRRM, as discussed further below. 24
Comparison of LARP7 xRRMs to La RRM2 25
Human La protein RRM2 has known chaperone activity and has broad RNA substrate 26 recognition (2,10). La protein generally binds RNA polymerase III transcripts temporally after 27 transcription, but does not remain associated with the RNA, in contrast to LARP7s. There is an 1 extensive hydrophobic interface and helix a3 lies closer to the b-sheet. hLa has an RNP3 2 (W261-I262-D263) characteristic of xRRMs, but the R on b3 that is conserved among LARP7s 3 is replaced by an L (Fig 1B) . This R contributes to nucleotide specificity of LARP7 xRRMs 4 through hydrogen bonding to bases, and its replacement in hLa protein with an L might explain 5 the lower binding affinity and lack of specificity of hLa RRM2 vs LARP7 RRMs (52, 53) . As there 6 are no structures to date of hLa RRM2 in complex with RNA, the binding mode is unknown. 7
Based on the analysis above, we propose that hLa RRM2 is an xRRM with reduced specificity 8 in accordance with its function in binding multiple substrates. 9
Conclusions 10
Pof8 and p65 are constitutive components of S. pombe and Tetrahymena telomerase, 11 required for biogenesis and assembly of TER with TERT. The structure of Pof8 RRM2 reported 12 here is the third example from the LARP7 family, and provides new insights into RNA binding 13 by these domains and those of the related La proteins. The xRRM was first structurally 14 characterized in p65 in the absence and presence of its RNA target (31) , and subsequently in 15 human Larp7 (42, 49) . Comparing the three LARP7 RRM2 structures shows that they share all 16 the features of an xRRM first defined for p65 except for the length and sequence of helix a3that 17 extends beyond the b-sheet, which are strikingly variable (Fig 4) . Although in the absence of 18 RNA the p65 helix a3 is a similar length to that of Pof8, upon RNA binding the helix is extended 19 from four to eight turns (Fig 4B) . In free hLarp7 a3 has 5 turns and is extended by an additional 20 turn on binding RNA. For both p65 and hLarp7 xRRMs, truncation of these extra turns of helix 21 a3 resulted in significantly reduced binding affinity to substrate RNA (31, 49) , indicating that the 22 region of helix a3 that extends beyond the b-sheet contributes to high affinity binding. 23
The sequence differences in helix a3 between p65 and hLarp7 appear to aid in substrate 24 discrimination; the aromatic residues in p65 helix a3 insert orthogonal to the helical axis in the 25 TER SL4 major groove to induce a sharp bend in the RNA GA bulge, while the basic residues 26 in the hLarp7 helix a3 interact with and insert parallel to the major groove at the RNA apical 27 loop (31, 42) . The Pof8 a3 is three turns long and ends at the protein C-terminus with two 1 consecutive lysines, the last of which is disordered. It seems likely that the short Pof8 helix a3 2 will result in a weaker binding affinity to the xRRMs of p65 (30 nM) (31) and hLarp7 (100 nM) 3 (42, 49) to their cognate substrates. Additional affinity may be provided by interactions between 4 conserved residues on a1 and RNA. In summary, this work has defined the structure of the 5 recently discovered yeast telomerase holoenzyme protein Pof8 C-terminal domain and provided 6 a more definitive description of the xRRM and its conserved versus variable determinants of 7 RNA specificity and affinity. 8
Methods 9
Protein expression and purification 10
The gene encoding Pof8 RRM2 (residues 282-402) was codon optimized for E. coli and 11 synthesized into a gBlock (Integrated DNA Technologies) and subsequently cloned into a pET-12
His6-SUMO vector using Gibson ligation (New England Biolabs) (54) sampling schedule (57) . The experiments were processed with Topspin 4.0.7 and analyzed 18 using NMRFAM-SPARKY 1.414 (58) to assign backbone resonances (59, 60) . After partial 19 manual assignment, the I-PINE web server was used to validate assignments and obtain 20 additional assignments for residues in the b1-a1 loop L300 and T304, a1-b2 loop E327, b2-b3 21 loop K335-T338, b3-a2 loop K345, and a2 residue R358 (61) . The 15 N-3D NOESY experiment 22 (noesyhsqcetf3gp3d) from the Bruker experimental suite was acquired on Topspin 4.0.7 23 (Bruker) with a mixing time of 120 ms to obtain NOE crosspeaks to further validate assignments. 24
For I-PINE, atomic coordinates from the crystal structure, pre-assignments from manually 25 assigned resonances, and peak lists from 1 H- 15 initial model was generated with AUTOSHARP (68) and BUCCANEER (69) . Native crystal 20 structure was solved by Molecular Replacement using the Hg-model. The model was initially 21 refined using Phenix version 1.13.2998 (70) and Coot (71), with final refinement performed 22 using PHENIX with TLS refinement (72) . 23
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